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Tinplated specimens were prepared by 
electrodeposition of tin on low carbon steel from an 
alkaline bath at deposit thicknesses of 1200, 2300, 3500, 
,. 
4600, and 7000 A. , I . The specimens/were peened with glass 
beads and three sizes of stainless steel shot at nozzle 
air pressures of 50 and 100 psi. Specimens were thezmally 
treated at 100, _200, and 250°C. X-ray diffraction, 
scanning electron • microscopy, potentiostatic and tests 
were used to investigate the effect of peening and thermal 
treatment on the intermetallic compound Fesn2 formed 
~ between th~. tin deposit and the steel substrate. The 
• peening action removed.sufficient quantities of tin upon 
.. 
impact to hinder the ability of the Fesn2 to forfu a 
contiriuous, nonporous layer during thermal treatment. 
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. . CJIAPTBR 1: Ilft'RODUCTIOB 
Tinplate was first manufactured in England circa 1650 
and was originally used for tableware and beverage 
dispensers. The concept of using tinplated cans for food 
storage instead of traditionally used glass bottles and 
jars developed in England as well, and by 1839 the 
manufacturing process was patented and tinplated steel 
f d t ' ' 'd d l oo con a1ners were in w1 espea use. 
store and transport foodstuffs has been 
Thr ability to 
significant in 
supporting a growing population, and the tinplated food 
· container has been vital to this support. 2 Prior to 1930 
most tin coatings were applied by hot dipping the 
substrate metal into molten tin. Since the late 1930s 
electrodeposition of tin on the metal substrate has become 
the predominant method because of the increased control of 
the coating thickness gained by manipulating the 
electrochemical variables. 3 
A· thin metallic coating of tin on steel I is a very 
- - - ----·- _.. __ -- - -
practical design for _a food container, taking advantage of 
the high strength of inexpensive steel coupled with the 
corrosion resistance of the more . I expensive tin. Under 
2 
.. 
. 
/ ,,. ·, 
".,. .. < • '. ,, ~~' \· 
, I 
' ) 
( 
. I 
! ' 
I 
' 
• 
... 
atmospheric conditions tin is more noble than steel, and 
thus does not prevent the corrosion of steel. In fact, 
any break in the tin coating results in the tin surface 
acti~g as a large cathodic area for the small anodic 
t 
surface of exposed steel, the result being pitting 
corrosion. However, in the anerobic environment of the 
tinplated container the couple is reversed and steel is 
more noble. The following reactions describe the couple 
~ under these conditions: 
cathodic reaction 
ti. 
anodic reaction 
2H+ + 2e- --> H 
2 
Sn--> sn2+ + 2e-
(1) 
(2) 
In this instanpe tin is said to protect the steel 
~ / 
.._ 
substrate sacrificially because it corrodes instead of the 
, 
steel. 4 Much research has been done to elucidate the 
. \ 
. 
• corrosion chemistry 
features have evolved: 
of tinplate and two interesting 
the role of both sn2+ ions and the. 
intermetallic compound Fesn2 . 
Several investigators have reported that 
.. 
stannous 
• ions inhibit the • corrosion of iroil • in an anaerobic 
environment. 5161718 The investigators concluded that the 
-- -- ------~--- - - ··- - - - - -·-- -- ----- -~ 
·, 
\ 
,, 
inhibiting effect was a. result of FeSn2 being formed .... when 
iron is coupled with tin in solution containing tin ions. 
The inert nature of Fesn2 was determined as eariy as 
.• 3 
/ . ,,,.,.,,, . 
.. . 
'"\ 
-
... 
------- -·----
, 
'/ 
\ 
• 
• 
1951. 61719 The intermetallic compound is -more noble than 
iron or tin, very hard but brittle, and inert in all but 
the most aggressive electrolytes. For many years the 
inte1metallic compound was considered an undesirable 
effect of the flow brightening step of the commercial 
tinplating process. Flow brightening involves heating the 
tinplate to just above the melting point of tin {232°C) in 
~ 
/ 
order to transfo1m the matte tin deposit into a smooth, 
bright coating that is commercially more appealing. 
Because of its hard, brittle character, the Fesn2 was 
thought to interfere.with#the forming and soldering in the 
manufacture of the tin 10 can. However, it • 1S now 
~ecognized that ''the quality of the Fesn2 formed 
determines in a major way the corrosion behavior of 
• 
tinplate ... and the· best performing tinplate is that in 
which the Fesn2 unifo~mly covers the steel so that the 
~rea iron exposed small should the tin • is very of 
dissolve.'' 11 
Early electron • microscopy studies indicated . _ _.. that 
grows epitaxially under some· conditions while 
. . t d . oth 1 O , 12 , 13 , 14 growing unor1en e in ers. Early X-ray. 
diff,raction studies indicated \ that _ ~es_n2 forms from an 
alkaline plating ·bath even before any thernaal treatment· of,~ 
~ 
the inplate. Upon heating, the intermetallic follows. a 
• ,I 
parabolic growth rate,. and a low heating rate decreases 
4 
• 
.. 
.. 
' \._ ... ~ 
• 
the wth t 12,15 gro ra e. The passivation potential of Fesn2 
is considerably less positive than that o·f either Sn or 
F 16 e. 
More recent studies have examined the relationship of 
• 
tin coating thickness, intermetallic layer thickness, and 
the effect of thermal t~eatment on intermetallic growth 
t 17,18,19,20 ra e. Thermal treatm·ents just above the 
melting point of tin give the greatest amount of ~esn2 • 
With increasingly higher thermal treatments, the 
intermetallic composition changes to predominately.FeSn at 
400-500°C and to Fe3~n above 600°C. 
The goal of this thesis research is to investigate 
the ~effect of shot peening on the formation and morphology 
of· Fesn2 and the electrochemical properties 1of 
Fesn2 -coated.steel. 
Shot peening has long been used t9 reduce surface 
tensile stresses and inc~T~se the fatigue life _9f large 
and small metal parts, as well as to reduce the occurrence 
of stress corrosion cracking. 21 The peening action is a 
·form of cold working of the metal surface which results in 
..... ':,, ~ .. I 
a residual, compressively stressed metal surface that 
' resists formation of cracks. Highly controlled peening is 
·~-- -- ------------~ --- - --- - -'7---. -- -- -
also used ·-to form or shape metal parts while retaining the 
advantageous effects of cold working. 22 
D~ring 
\ 
peening the surf ace .of th·e 
/ 
/ 
/ 
... / 
5 
\ 
, .. , 
____ l 
... 
.. 
• specimen • • 1S 
,. 
' . 
-------~-------1111111·-·· 1!1!!1!11 __ ... _,11!111, ..-----
... 
' 
--· 
.. 
I • 
bombarded with small, round shot that is typically made of 
glass or stainless steel. Compressed air imparts velocity 
to the shot, which flows out a nozzle directed at the 
...... , 
workpiece. The effect of the shot on the specimen surface 
is governed by the shot medium, the velocity imparted, the 
angle of impact, and the percentage of the surface area 
di th . 23 covere n e peening. 
While the use of shot peening in the metals industry 
is longstanding, there has been no effort directed at 
improving the corrosion resistance of tinplated containers 
by shot • peening. Since the • corrosion resistance of 
tinplat~~ materials ifi._to a significant degree related to 
the quality of Fesn2 formed in·the plating process, the 
investigation centers on the effect of peening on the 
Fesn2 inte1metallic compound. 
The experimental protocols adopted in this research 
were as follows. Tin deposits ranging from 1200-7000 Ai~ 
thickness . were electrodeposited on steel substrates from 
an alkaline plating bath. These tinplated specimens were 
shot peened with one type of glass bead and 3 types of 
stainless steel shot·. 
) 
/ 
Nozzle air pressure w·as 50 • psi or 
1-00 psi. . -/~ Following peening, X-ray diffraction patterns of 
- -~ --- -------
·· the specimens were taken before and after cOmbinations of 
thermal treatments at 100°c for 1 hour, 200°c fo~ 15 
minutes, . and 250°C for 15 minutes. The tin deposit was. 
6 
I 
.. 
/ 
• 
.~-- -····--· 
-• 
. I 
) 
always left in place for the thermal treatment but was 
.. 
subsequently removed for many of the X-ray studies. 
Scanning electron microscopy was used to examine the Fesn2 
after the tin deposit had been removed. Finally, 
potentiostatic testing was used to· determine the 
continuity and stability of the intermetallic layer. 
,, 
, .. 
. . . -------.-- - --
',.-1 .. ' 
,, 
•., 
7 
' ' 
I' . 
.,. 
.. 
~· 
---- ---------
'. 
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CDPTBR 2: B:IPBRIMBNTAL 
2.1 BLECTRODBPOSITION AND DB-TIMRING • 
• specimens were prepared by tinplated The 
electrodeposition of tin from an alkaline plating bath. 
The pf:;ting bath composition is listed in Table 1. A 
constant cuFrent density of 3 amps/dm2 was used to ·prepare 
samples of different thickness by controlling the length 
of the plating operation. Under these conditions a 
current efficiency of 75% is attained. 24 Plating times 
used were 15, 30, 45, 60, and 90 seconds which correspond 
to deposit thicknesses on the specimens of controlled 
surface area of approximately 1200, 2300, 3500, 4600, and 
. 7000 A. For t~ese plating times and current densities, 
problems associated with current distribution around the 
edges of the specimens were not significant. 
Strips of 1010 low carbon steel 2 cm x 15 cm, of 
which 2 cm x 10 cm was plated, were cut from Q-panels. 
The strips were abrasively qleaned with #600 grit silicoij 
. . 
-
' . 
__ ---~~--carbide . paper -prior . to -- chemical :. cleaning. · ----Che1uical· -- ------- -
• 
;, 
•, . 
. 
. .. .;, 
cleaning of the strips was accomplished in an alkali-ne 
soak bath whose composition is listed in Table 2. The 
8 
., 
' 
I . 
____ } 
.. ·-··· ........ ·.. . . . .. .. . . .. . .. .. ~-" 
• 
\ 
• 
• 
strips were soaked at the boiling poiht tor 15 minutes, 
rinsed with distilled water, and transferred to a second 
vessel containing the alkaline soak bath at the boiling 
point. In this second vessel the strips were anodically 
cleaned using a carbon rod as cathode, the steel strip as 
anode, and a current· density of 2.5 2 amps/dm for 15 
25 seconds. The strips were next rinsed with distilled 
water followed by pickling for 10 seconds in a 5% by 
volume HCl bath 26 at room temperature. The strips were 
rinsed again with distilled water. 
After chemical cleaning, the strips were placed I in 
the stirred alkaline plating bath at 70°C. The plating 
arrangement is shown in • Figure 1. Two tin anodes> of 
surface area equal to the surface area of the steel strip 
to be plated were aligned at opposite sides of the plating 
vessel. The steel strip was placed in the center of the 
vessel so that its faces were parallel to the faces of the 
tin anodes. The current was slowly and. steadily increased 
to the desired level, to avoid passivation of the tin 
anodes. 27 Upon·~ompletion of plating, the strips were 
rinsed with distilled water and dried with paper towe~s~ 
·oe-tinning of • specimens was 
.. / 
accomplished by 
e-lectrochemical methods. The specimen wa·s first soaked in 
the alkaline cleaning solution listed in Table 2. The 
cleaning solution was maintained at room temperature to 
9 t-
' 
• ,, • J 
,;,-/ 
/ 
' ·-- - -'... ,...,.,., ,-_, .. ,,. - - "' 
/ 
' • • I 
-~ 'l'ABLB 1. Alkaline Plating Solution24 ~ 
r . ~ 
Nasno3 ·JH2o NaOH 
NaOAc 
H2o2 (301) 
90.0 g/1 
7.5 g/1 
15.0 g/1 
~o. s ml/1 
TABLB 2. Alkaline Cleaning Solution29 
NaOH 35.0 g/1 
Na2.sio3 • 25.0 g/1 Na2co0 22 .·o g/1 NaaPJ 12 . 12.0 g/1 
soi m auryl sulfate ·s.o g/1 
Pluronic L64 1.0 g/1 
.. 
- -- ---- -- _,!. ·- . -- . _ _._ 
J 
. 
10 
', r 
' 
• 
- . 
.. 
• 
') 
.. 
\ . .. .... 
• 
• 
to power 
supply 
.. 
:.. 
tin anode 
heat, stir 
,{ . 
Figure 1. · Plating appatatus. 
11 
,. 
~ ........... ~ 
tin anode 
steel cathode, 
constant area 
in pla-ting 
bath 
' 
-
·" 
. 
., 
< 
• 
.. 
•. 
avoid thermal activation of inteimetallic growth. After 
soak cleining for 2 hours, the specimens were rinsed with 
' 
acetone, followed by a distilled water rinse, and placed 
in the· de-tinning vessel shown in Figure 2. 
' • 
\ The detinning solution consisted of 51 NaOH, 
continually ~tirred at room temperature. The specimen was 
made- the anode with a stainless steel strip as cathode. A 
second anode of pure tin with·a very small surface area 
was connected in parallel with the specimen. This second 
tin anode was used so that upon complete removal of tin 
from the , specimen, the parallel tin anode would dissolve 
rather than the undesired dissolution of metallic iron or 
The power supply maintained a constant cell 
voltage of 0.4 volts throughout the detinning operations, 
which took from 5 to 10 minutes to complete for each 
. . 28 
specimen. 
2.2 PEENING • 
Peening was accomplished so that 9 different 
specimens for each tin deposit thickne~s resulted. The 
/ 
, first of these 9 specimens was unpeened. The remaining 8 
(/ 
types of specimens resulted from 4 different peening media 
. - . ~ 
coupled with 2 different nozz~e air pres~ures. The four 
· peening media were: 60/100 mesh glass beads, S-70 
stainless steel shot (90% retained • with 0.0049 on a sieve 
12· /" 
, . 
' . 
..... " 
. 
. ,_J 
I ' 
.. , ! 1 
! ~ , ·I 
!" 
to power 
supply 
\ 
st ee 1---------
cathode 
-
' 
-
I' 
stir 
.1-----r-tin anode in 
specimen 
parallel to 
specimen, small 
area in solution 
Figl1re · 2. De-tinning apparatus. 
13 
. . 
,. ' 
4 
' . ' 
·' 
inch nominal screen size), S-170 stainless steel shot (971 \ 
retained on 0.0138 inch nominal screen size), and S-230 
stainless 
size). 23 
steel shot (971 retained on 0.0197 indh screen 
• 
The two nozzle air pressures used were 50 and 
100 psi. The net result of the peening operations was an 
assortment of specimens with 5 specific tin deposit 
thicknesses, each deposit thickness with 9 different 
peening variatio~s. In summary, there were 45 different 
types of peened samples. 
The plated steel strips were prepared for peening by 
cutting them into squares of approximately 2 cm ' -X 2 cm. 
The squares were then mounted in the peening apparatus as 
shown in Figure 3. The specimen was brought in line with 
the stream of shot, which was propelled from the nozzle by 
•' 
compressed air normal to the specimen surface, via the 
continuous rotation of the mounting disk a·t 38 rpm. Each 
specimen received the same volume of shot, regardless of 
the type of shot used or the nozzle pressure, and received 
the same percentage of surface area covered with peening. 
2.3 "'lC-RAY DIFFRACTION 
X-ray diffraction was completed on specimens in the 
• 
. . . 
as pe~ned state (eg, with the tin deposit in place), -after 
' 
~~ a variety of heat treatments in the as peened state, and 
... 
with the tin deposit removed. The automated Philips 3600· 
14 
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-
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-
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Figure 3. Peening apparatus. 
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X-ray Powder Diffractometer was used for the diffraction 
• 
studies. The X-ray source was copper K-alpha radiation 
emanating from a 45 keV, JO mamp generator. For all of 
the X-ray studies a 0.030 degree 2-theta step.size with a 
0.90 second count collection time was used. The range of 
data on the initial specimens was from 2-theta values of 
29 to 86 degrees. The range of data was subsequently 
narrowed to 2-theta values of 29 to 37 and 81 to 86 
degrees~ These narrower ranges proved sufficient to 
identify Sn, Fesn2 , and Fe via respective high intensity 
diffractions while significantly reducing the instrument 
t . t' 30 opera 1ng 1me. 
Specimen preparation for X-ray studies consisted of 
cutting • specimens to a maximum size of 14 mm x 19 mm so 
that they would fit into the instrument specimen holder. 
The specimens ranged in size from approximately 10 mm x 10 
mm up to the maximum size. 
2.4 SCANNING ELECTRON MICROSCOPY 
. 
Following detinning, specimens were studi~d using the 
Vistascan ETEC Scanning Electron Microscopee Specimens 
were examined at a working distance of 19 to 20 mm and a 
-
- -tilt------ angle --- of- 30•-. Ene-rg}' dispersive spectroscopy was 
initially used.to identify the Fesn2 by comparison ·~with 
·Jcnown elemental standards. 31 For the scanning electron 
16 
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micrographa, magnifications ranging from lOOx to 20,ooox 
were used, however, a magnification of 4500x was optimum 
.. 
for most purposes. 
• 
2.5 POTBNTIOSTATIC STODIBS 
Electrochemical tests, using the oxygen reduction 
' 
reaction as the monitored reaction, were used to determine 
the area of iron exposed to the electrolyte and thereby 
uncoated with Fesn2 • Potentiostatic tests were completed 
on samples the1mally treated at 1oo·c for 1 hour and 2so·c 
for 15 minutes. All of the tin deposit was 
electrochemically removed prior to potentiostatic testing. 
Tests were completed on the 4600 A tin deposit • • specimens 
for all 9 • peening conditions, the 7000 A tin deposit 
specimens for unpeened, 50 and 100 psi glass beads, 50 and 
I 
100 psi S-70 shot, and 50 psi S-170 shot, and 1200 A tin 
deposit specimens with 50 psi S-170 shot . 
• ,.. ' 
' ' Preparation began by abrasively removing the Fesn2 
layer on the back surface of the • specimen, rinsing with 
acetone and then distilled water, and making an electrical 
connection to the~ back surface with an insulated copper 
~;~~ ~~~- M~i~_kel Print, an electrically conducting - solvent 
based glue. After drying, the mechanical stength of the 
connec'tion was improved by applying an epoxy coating to 
the back surf ace of the specimen. The- .back and edges of 
17 
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the specimen were masked with two coats of MicrosnieldTM. 
The exposed surface area of the specimen was determined 
with the Zeiss area finder, which electronically 
intergrates the trace of the exposed surface area on an 
electrically conducting grid. 
The experimental arrangement for the potentiostatic 
testing is shown in Figure 4. The sample was mounted 
vertically in a 0.5 molar NaCl solution open to the air 
and not stirred. -=--- Five seconds after immersion of the 
specimen in the solution, a -1.00 volt constant potential 
was applied across the cell with the absolute current 
monitored on a variable scale strip chart recorder. The 
duration of the test was 10 minutes. The absolute current 
was then converted to current density by considering the 
surface area exposed on each specimen . 
• 
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CH&Pl·BR 3 I RBSULTS 
-
3.1 BLBCTRODBPOSITIOH a•D DI-TIBIIIRG 
Electrodeposition of tin from the alkaline bath yield 
consistently good deposits. As long as the procedure for 
cleaning the steel substrates was rigorously followed, the 
. 
were adherent, continuous and smooth on a deposits 
macroscale. Electrochemical stripping of the peened 
samples was~ readily accomplished by the selected 
- \. procedure. Visual inspection of the de-tinned su~face was 
used as evidence that de-tinning was complete. X-ray 
diffraction data also confirmed that no large mass of tin 
remained on the surface after the detinning operation. 
3.2 PEERING 
.. 
The • peening operations were straightforward. Of 
particular note was the varying degree of curvature on the 
• I 
• specimen. The curvature was always convex toward the 
nozzle, resulting from the~ compressive stress in ~the 
... 
. . 
peened surface caused by the impact ~f the shot. For all 
4 types ·of shot, the 100.1>si nozzle ·air pressure caused 
)f 
more. curvature than did the 50 psi pressure. The glass 
"I, 20 
.} 
I 
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• 
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• 
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beads caused the least curvature of the four shot types, 
• 
followed in increasing order of curvature by S-70, S-170, 
and S-230. There was also visible loss. of tin deposit 
due to the impact of the shot on the specimen. Again, the 
.. 
100 psi nozzle air pressure caused more tin loss than did 
the 50 psi pressure. The order of tin loss due to shot 
impact in increasing order was glass beads, S-70, S-170, 
and S-230. The tin deposit that remained after the 
peening was adherent. In fact, the peened· specimens were 
more difficult to de-tin than those that had not been 
peened, as evidenced by the prolonged time to de-tin. 
3.3 X-RAY DIPPRACTIOH 
In order to make the X-ray diffraction data 
semi-quantitative, all of the specimens of varying surface 
area were normalized to an ideal area of 200 2 mm. All 
diffraction counts for a particular d-spacing were then 
adj·usted based on the normalized surface area. The 
normalized diffraction counts serve as a semi-quantitative 
I , 
basis for comparing the quantity of Fe, Sn, and Fesn2 from 
which the diffracted X-rays originated. As such, unless 
otherwise noted, all of the diffraction data reported • in 
the following tables have been normalized to a specimen 
area-of 200 mm2 • 
' 
The ASTM X-ray Diffraction File was used to determine 
21 
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.. 
the •tandard d-apacing and .~ta relative intensity for Sn, 
Fe, and Fesn2• The data cards are shown in Table 3. For 
identification purposes, the d-spacing values selected for 
Sn, Fe, and Fesn2 were such that there was a unique origin 
.. 
for the particular d-spacing. This d-spacing value was 
then used for identification and comparison of relative 
quantity of the compound, considering the ASTM reported 
relative intensity. The relative peak heights for 
different d-spacings of the same compound were used to 
comfiim that the results were not affected by preferred 
orientation. 
For Sn the d-spacing of 2.92 A with a relative 
intensity of 100% was used to obtain a semi-quantitative 
value for the amount of Sn present. For copper K-alpha 
radiation this d-spacing value corresponds to a 2-theta 
-
value of 30.64°. Likewise, the d-spacing of 2.56 A at a 
2-theta value of 35.08° and relative intensity of 100% was 
used to identify the Fesn2 . The Fe was identified with a 
d-spacing of 1.17 A at a 2-theta value of 82.33° and 30% 
... 
relative intensity. 3 2 · Beca.use the.. samples were. not 
perfectly flat, as a result of • peening the action, the 
diffraction peaks were shifted in some cases to, either 
side of the.ASTM .reported d-spacing and often. with a 
broadened 2-theta value~ However, this variation from the 
ideal was slight and did not hinder the identification of 
22 
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'l'ABLB 3. ASTM diffractiOn data for Sn, Fesn2 , and Fe.
30 
,·. . ... 
\ 
. \ 
specimen 
Sn 
Fe 
,, 
\ 
•· ..... ~. 
din A 
2.92 
2.915,u 
2.79 
2.02 
2.56 
2.06 
1.52 
2.65 
2.03 
1.17 
1.43 
23 
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I/IO 
100 
100 
90 
74 
100 
45 
35 
13 
100 
30 
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the specific ditfraetion linea. 
The initial diffraction patterns were taken~-, upon 
completion of the peening operations with the tin deposit 
in place. · This method allows identification of the Sn, 
Fesn2 , and Fe while being nondestructive to the tinplated 
specimen. The specimens were then heated for 1 hour in an 
oven at 1oo·c. Following this heat 
' 
treatment, 
diffraction pattern was taken again with the tin deposit 
in place. The diffraction data before an~ after 100°c 
thermal treatment are summarized in Table 4 through Table 
8. For each of the 5 tin deposit thicknesses and for all 
9 • peening conditions, there was Fesn2 present before and 
after the 100°c heat treatment. The presence of Fesn2 on 
the unpeened specimens before thermal treatment indicates 
that the intermetallic was nucleated during the plating in 
the alkaline plating solution, in confirmation of previous 
statements. 24 
,-
Prior to the thermal treatment, several trends are 
noticeable in the diffraction pattern. First, • in 
virtually all cases the Sn counts were lower for 100 psi 
·, 
nozzle pressure than for 50 • psi nozzle pressure for a 
' 
"--given type of shot. Se9ond, the Fesn2 counts on the 
.. 
unpeened samples were consisten~ly as great as the counts 
. 
on the peened samples. ·For all 5 deposit thicknesses the 
Fesn2 counts for the unpe~ned specimens were about the 
---~- --
---· ---·---·24--·-------------·--- ,-}-- -
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same . 
I 
Following thermal treatment, the Fesn2 counts for all 
45 types of samples increased by an average of 2.6 times. 
For the 4600 A and 7000 A samples, •the proportional 
increase after thermal treatment is greater for the 50 psi 
pressure than the 100 psi pressure for a given shot type. 
To obtain an additional description of the Fest2 
layer by X-ray diffract·ion, additional thermal treatments 
followed by electrochemical removal of the tin deposit 
were undertaken. Removal of the tin deposit directly 
,/ 
exposes the Fesn2 surface to the X-ray beam, eliminating 
attenuation and destructive scattering of the X-rays by 
the tin overlayer. The X-ray diffraction results of these 
treatments are summarized in Tables 9 through 12. In 
every case the counts for Fesn2 for a given deposit 
• 
thickness are the greatest for the unpeened specimens when 
heated at 250°C, just above the melting point of tin. The 
I 
ratio of Fesn2/Fe counts for the specimens heated at 250°C 
- ~ 
, displays a pattern for the 4600 A depos1t. In this case 
the 100 • psi • psi the ratio is higher for the 50 versus 
pressure for each peening medium. For the 7000 A series 
heated at 250°C this trend is reversed, the ratio being / 
( -- - --
··higher for the 100 psi versus the 50 psi pressure. For 
the 4600 A series heated at 200°c the data reflect • f JUSt 
the opposite- ratio trend·as the 4600 A series thermally 
/ 25 
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'l'ULB t. X-ray diffraction counts f~r 1200 A tin dapoait 
before and after (b/a) thetmal treatment for 1 hour at 
1oo·c, tin in place. 
' 
propor-
tional 
• increase 
peening d•2.92 A d•2.56 A d•l.17 A in Fesn2 
conditions b/a b/a b/a counts 
• 
unpeened 1353/1159 13/59 792/804 4.4 
50 • glass 378/349 42/118 670/802 2.8 psi • 100 • glass 195/120 35/78 582/683 2.2 psi 
50 • S-70 345/176 58/77 619/619 1.3 psi 
100 psi S-70 108/88 27/63 583/720 2.3 
50 • S-170 827/353 41/73 711/810 1.8 psi 
100 • S-170 349/171 44/60 699/736 1.4 psi 
50 • S-230 618/476 35/93 . 732/796 2.7 psi 
• 
100 • S-230 159/159 20/64 651/734 3.1 psi 
L, 
• 
TABLB 5. X-ray diffraction counts for 2300 A tin deposit 
before and after (b/a) thermal treatment for 1 hour at 
100°c, tin in place. 
• peen1;ng 
corditions 
unpeened 
50 
100 
50 
100 
50 
100 
50 
100 
• psi 
• psi 
• psi 
• psi 
• psi 
• psi 
• psi 
• psi 
glass 
glass 
S-70 
S-70 
S-170 
S-170 
S-230 
S-230 
• 
d=2.92 A 
b/a 
3990/3764 
1031/942 
679/74~ 
959/1013 
527/677 
974/943 
417/289 
, 1432/602 
--/527 
,,. 
. I 
d=2.56 A 
, b/a 
,· 
36/83 
58/108 
28/101 
35/82 
d=l.17 A 
b/a 
758/578 
681/685 
603/728 
553/737 
630/677 ·28/70 
41/98 
48/69 
30/60 
f 789/771 
. 602/635 
~ --/74 
,. 
26 
708/745 
--/706 
.... 
,.:-, 
. "- . 
propor-
tional 
. ' increase 
• 1n Fesn2 
counts 
2.3 
1.9 
3.6 
2.3 
2.5 
- 2. 4 
1.4 
2.0 
---
I 
. ' 
' 
') 
. ~-() 
, 
~-
' / 
/ 
.. 
• 
• 
TULB ,. X-ray diffraction counts for 3500 A tin deposit 
before and after (b/a) thermal treatment for 1 hour·at 
1oo·c, tin in place. 
peening 
conditions 
unpeened 
50 
100 
so 
100 
50 
100 
so 
100 
• psi 
• psi 
• psi 
• psi 
• psi 
• psi 
• psi 
• psi 
glass 
glass 
S-70 
S-70 
S-170 
S-170 
S-230 
S-230 
d•2.92 A 
- b/a 
2854/5313 
1183*/1310* 
1381/1209 
967*/1005* 
1037*/1056* 
1136*/713* 
432/723 
1253*/1267* 
595*/552* 
d•2.56 A 
b/a 
33/61 
40*/72* 
38/86 
35*/66* 
48*/67* 
25*/77* 
9/63 
34*/77* 
31*/58* 
( 
754/473 
671*/524* 
596/583 
697*/645* 
524*/511*· 
655*/666* 
602/688 
650*/708* 
562*/534* 
propor-
tional 
increase 
in Fesn2 
counts 
1.9 
1.8 
2.3 
1.9 
1.4 
3.1 
7.2 
2.3 
1.9 
. 
. , 
*specimens destroyed before area was dete1mined, data are 
absolute counts 
TABLE 7. x~ray diffraction·counts for 4600 A tin deposit 
before and after (b/a) thermal treatment for 1 hour at 
100°c, tin in place. 
• peening 
conditions 
unpeened 
50 • glass psi 
100 • glass psi 
50 • S-70 psi 
100 • S-70 psi 
50 • S-170 psi 
100 • S-170 psi 
so • S-230 psi 
100 • S-230 psi 
d=2.92 A 
b/a 
3773/3239 
924/1565 
1326/1397 
1828/1632 
1075/1042 
1380/1402 
650/899 
1248/818 
762/729 
.. 
'\\ 
·1 
--
d=2.56 A 
b/a 
21/44 
15/57 
33/72 
22/78 
19/71 
22/61 
28/32 
26/33 
12/64 
' 
.. 
·27 
d=l.17 A 
b/a · 
514/379 
607/482 
515/436 
557/502 
' 
551/560 
592/522 
495/530 
475/422 
729/475 
.! 
.. -.)' 
propor-
tional 
• increase 
in Fesn2 
counts 
2.1 
3.8 
2.2 
3.5 
3.7 
2.8 
1.1 
1.3 
5.3 
, 
• 
I 
""'· 
.. 
TULi a. X-ray diffraction counts for 7000 A tin deposit 
before and after (b/a) thermal treatment for 1 hour at 
1oo·c, tin in place. 
peening 
conditions 
unpeened 
50 psi glass 
100 psi glass 
50 psi S-70 
100 • S-70 ps1 
50 • S-170 psi 
100 ' S-170 psi 
50 • S-230 psi 
100 • S-230 psi 
...... 
·' 
d•2.92 A d•2.56 A 
b/a b/a 
4120/3835 29/46 
1347/1738 19/65 
1213/1361 61/124 
1760/2000 • 7/50 
578/1608 24/60 
1323/1724 25/73 
820/1381 32/52 
1248/1240 33/37 
689/402 48/19 
' 
28 
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d•l.17 A 
b/a 
417/331-
~- 377/410 
495/539 
415/390 
404/433 
390/438 
392/437 
394/406 
406/398 
J . 
r . 
propor-
tional 
increase 
in Fesn2 
counts 
1.6 
3.4 
2.0 
7.1 
2.5 
2.9 
1.6 
1.1 
0.4 
• 
' 
1 · 
I 
.. 
· TULB ,. Ratio of counts for Fesn2 (d•2.56 A)/Fa(d•l.17 A) for 4600 A tin deposit with heat treatment, de-tinned . 
. 
HEAT TREATMENT 
1 hr, 1oo·c 15 min, 2oo·c 
peening 15 min, 25o•c 
conditions Fe~n2 Fe ratio Fesn2 Fe ratio 
unpeened 2374 4951 0.5 759 787 1.0 
I 50 psi glass 1100 616 1.8 358 ,. 1209 0.3 
100 psi glass 1120 996 1.1 245 699 0.4 
50 psi S-70 1697 638 2.7 329 762 0.4 
100 psi S-70 847 918 0.9 366 737 0.5 
50 psi S-170 963 1038 0.9 392 1241 0.3 
100 psi S-170 1166 2851 0.4 423 847 o.s 
50 psi S-230 1720 422 4.1 96 825 0.1 
100 psi S-230 853 562 1.5 169 833 0.2 
TaBLB,10. Ratio of counts for Fesn2 (d•2.56 A)/Fe(d•l.17 A) for 7000 A tin deposit with heat treatment, de-tinned. 
HEAT TREATMENT 
1 hr, 1oo·c 15 min, 2oo·c 
peening 15 min, 2so·c 
conditions Fesn2 Fe ratio Fesn2 Fe ratio 
unpeened 2404 1179 2.0 89 1360 0.1 
50 psi glass 1779 1117 1.6 77 1023 0.1 
100 psi glass 1480 491 3.0 77 416 0.2 
so • S-70 1627 1773 0.9 105 588 0.2 psi 
100 psi S-70 1321 400 3.3 76 6-320 0.01 
. 50 psi S-170 2004 1071 1.9 
--- --- ---
100 psi S-170 --- --- --- 93 . -· 797 0.1 
- ., 50 • S-230 .a2 761 0.1 psi --- --- ---
100 • S-230 59 669 0.1 psi --- --- ---
r 
29 
' ., ·1\ 
• 
. .
~· 
' 
.. 
.. 
'l'ABLI 11. Ratio ·ot count• tor Pesn2 (d•2.56 A)/Pe(d•l.17 A) for 1200 A tin deposit with heat treatment, de-tinned. 
HEAT TREATMENT 
-1 hr, 1oo·c 15 min, 2oo·c 
peening 15 min, 2so·c 
conditiona Fasn2 Fe ratio Fasn2 Fa ratio 
unpeened 847 1152 0.7 
--- --- ---
50 psi S-70 443 2360 0.2 
--- --- ---
100 psi S-230 145 617 0.2 
--- --- ---
TABLB 12. Ratio of counts for FeSn (d•2.5~ A)/Fe(d•l.17 
A) for 3500 A tin· deposit with heat2treatment, de-tinned. 
peening 
conditions 
unpeened 
100 psi glass 
100 psi S-170 
HEAT 
1 hr, 1oo·c 
15 min, 2so·c 
Fesn2 
1482 
1137 
854 
, 
. 
,Fe 
815 
3948 
3718 
ratio 
1.8 
0.3 
0.2 
30 
TREATMENT 
• 
15 min, 2oo·c 
Fesn2 Fe ratio 
--- --- ---
--- --- ---
--- --- ---
" 
.. 
•. 
,I 
• 
I 
' 
' 
CJ 
• 
; 
• 
TULB 13. Preferred orientation compariaon of ratio ot 
Fesn2 (d•2.56 A)/(d•2.65 A) X-ray counts for selected 
specimens and heat treatments, de-tinned. 
, 
V 
deposit peening 
thickness conditions 
1200 A 
.. 
1200 A 
1200 A 
3500 A 
3500 A 
3500 A 
4600 A 
4600 A 
4600 A 
4600 A 
4600 A 
4600 A 
4600 A 
4600 A 
4600 A 
10h00 A 
7000 A 
7000 A 
7000 A 
7000 A 
7000 A 
unpeened 
50 psi S-170 
100 psi S-230 
unpeened 
100 psi glass 
100 psi S-170 
U[lpeened 
50 psi glass 
100 psi glass 
50 psi S-70 
100 psi S-70 
50 psi S-170 
100 psi S-170 
50 psi S-230 
100 psi S-230 
unpeened 
50 psi glass 
100 psi glass 
50 psi S-70 
100 psi S-70 
50 psi S-170 
HEAT TREATMENT 
15 min, 2oo·c 
ratio 
31 
---
---
---
---
---
---
14.1 
6.2 
3.2 
5.6 
4.6 
5.4 
4.7 
---
---
---
---
---
---
---
---
< 
;,, 
1 hr, 1oo·c 
15 min, 25o•c 
ratio 
\ 
'' ' ,- - . 
11.5 
9.4 
6.2 
7.4 
4.4 
4.8 
4.5 
5.9 
2.9 
3.5 
3.2 
4.9 
3.7 
4.9 
3.8 
3.9 
1.7 
2.5 
1.9 
2.6 
3.2 
' 
.. 
·, 
• 
• 
treated at 25o•c. In every case the counts in the 2oo·c 
thermal treatment are substantially lower than in the 
2so·c thermal treatment. 
The X-ray diffraction data for two different Fesn2 
d-spacings are summarized in Table 13. The diffraction 
peaks from the 2.S6 A and 2.65 Ad-spacings of Fesn2 are 
isolated 
intensities 
from 
for 
peaks from Sn or Fe. The ratio of 
these d-spacings remains 
• 
approximately constant over a variety of tin deposit 
thicknesses, peening conditions, and thetmal treatments. 
This relatively constant ratio indicates that there is no 
preferred orientation of the Fesn2 crystals with either 
tin deposit thickness, peening conditions, or thermal 
treatment. 33 
3.4 SCANNING ELECTRON MICROSCOPY 
The energy dispersive spectroscopy capability of the 
Vistascan ETEC SEM was used to identify the intermetallic 
.. 
as well as identification via visual comparison with 
. ' h bt . d b . ·' . 't . t 12 , 13 , 14 micrograp s o aine y previous inves iga ors. 
Figure 5 shows the energy dis~ersive spectrum of the 4600 
A tin deposit specimen, unpeen~d, and thermally treated at 
100°c for 1 hour and 250°C for 15 minutes. Note the 
\ 
strong Sn and Fe elemental peaks and the approximate Sn/Fe 
ratio of 2/1. Although there are many factors that 
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contribute to the ratio, the 2/1 ratio exhibited in Figura 
' 5 is s~itable identification of the Fesn2 compound, 
especially when one considers that the specimen was 
electrochemically de-tinned prior to SEM examination. 
Scanning electron mfcrographs are shown in Figure 6 
through Figure 22. A micron bar marker is shown below 
each micrograph. Unless otherwise noted, the micrograph 
shown for a particular specimen is representative of the 
entire surface area. All of the micrographs shown are 
with magnification of 4500x. General observations will 
first be reported, then the highlights of particula_r 
micrographs will be noted. 
I 
The specimens thermally treated at 250°C exhibited 
the most Fesn2 , which is particularly evident relative to 
the specimens heated to 200°c. The specimens treated at 
. 
200°c clearly have more of the intermetallic than do those 
heated at 100°C. The specimens heated at 200°C or 250°C 
both exhibit uniform coverage of the substrate with no 
patches of uncovered steel surface apparent. The 
specimens heated at 100°c, to the contrary, only sparsely 
cover the substrate. In this case, the steel substrate 
,. 
surface is virtually bare of the intermetallic, with only. 
f" very slight· nucleation · of Fesn2 . , These nucleations' are 
visible in the micrographs as thin,. thread-like 
• 
_projections from the substrate surface. 
{'' 
33 
..... - ,,,... 
' ' 
• 
\ 
' 
• 
.. 
• 
,'.. I 
' 
' 
.. 
, 
• • 
.. 
Unpeened specimens heated at 1oo•c followed by 
. \ heating at 2so·c are shown in Figure 6 through Figure 9. 
Note in particular that the 1200 A specimen looks markedly 
different from those with tin thickness of 3500, 4600, and 
7000 A. The latter all have very large, cylindrical 
crystals apparently ranging from 1-2 microns in length and 
.25-1 microns in diameter. The intermetallic has a wide 
variety of angular orientations with no single orientation 
favored. The overall structure is three dimensional, with 
the appearance of the crystals ,growing outward 
variety of ahgles, as blades of groomed { bluegrass 
grow outward toward the sun. 
at a 
would 
-
The 1200 A specimen shown in Figure 6, though, 
... 
exhibits completely different qualities. 
appears flat and two-dimensional. 
This 
It 
• specimen 
is almost 
featureless. There seem to· be pores in the intermetallic 
\· layer, noted by the dark, recessed areas in the surface. 
There are also vertical striations apparent on the left 
side of the micrograph. These striations reflect 
striations formed on the substrate surface as a result of 
abrasive cleaning • prior to electodeposition of tin, and 
a~e not.apparent.on the micro~raphs of the 3500, 4600; and 
7000 A specimens. 
Figures 10 and 11 show the micrographs 0£ ,4600 A and-
·" 7000 A specimens, each p~ened with glass beads at 50 psi 
34 
·r 
p 
, .. 
• ¥ 
. 
. . 
) 
). 
( 
• 
nozzle pressure and theraally treated at 1oo·c for 1 hour 
. 
and at 2so•c for 15 minutes. The 7000 A specimen in 
Figure 11 exhibits the same three-dimensional, angular, 
cylindrical crystals seen in the unpeened specimens shown 
~ ' 
. ~ 
in Figures 7-9. The 4600 A specimen of Figure 10, though, 
,, 
is considerably different in appearance. It is a more 
two-dimensional, porous, featureless structure, rather 
similar in character to the 1200 A unpeened sample • in 
Figure 6 which had an identical thetmal treatment. 
"-.. 
However, if one examines the right side of Figure 10 
closely, there are some areas exhibiting the 
three-dimensional character. In these areas, the crystals 
appear to be cylindrical but not as long or with as large 
a diameter as those seen previously in Figures 7-9 and 11. 
Figures 12 through 14 are micrographs of tin deposits 
of 3500, 4600, and 7000 A respectively. These specimens 
• 
were peened with glass beads at 100 psi nozzle pressure, 
and thermally treated at 100°c for 1 hour and at 250°C for 
15 minutes. Each micrograph 
significantly different appearance. 
exhibits 
The 3500 A 
areas of 
• specimen 
in Figure' 12 has areas on the right and left that are 
featureless, compact, and appear to -lhave developed from 
very thin crystals that are· p.resent on the fringes of the . 
compact areas. The region in the center of the micrograph 
is considerably more three dimensional with larger 
I 
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cryatala. 
The 4600 A specimen in Figure 13 also has areas of 
different appearance. Diagonally traversing this specimen 
ia an area of somewhat three-dimensional, large crystal 
character. The other areas, though, show a more compact, 
featureless intermetallic as did the 3500 A specimen. The 
7000 A specimen in Figure 14 is similar to the others of 
this group, displaying both featureless and 
three-dimensional areas. 
The specimens in Figures 15 and 16 were peened with 
S-230 shot at 100 psi nozzle pressure, thermally treated 
at l00°C for 1 hour and at 250°C for 15 minutes. The 
specimen with tin· deposit of 1200 A in Figure r5 is 
featureless, two-dimensional, with considerably fewer 
apparent pores than the unpeened 1200 A specimen of 
identical thermal treatment shown in Figure 6. In the 
upper right hand corner of the micrograph are some pores 
,, 
similar to those of the unpeened 1200 A specimen. 
The micrograph of the 7000 A tin deposit specimen • in 
Figure 16 has areas of compact, featureless surface as 
well as a significant·area in the center of the micrograph 
that is typical of the three-dimensional character. This 
three-dimensional area, however, appears more compact than 
the three-dimensional areas of the unpeened samples~with 
~ .. 
identical thermal treatment. 
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As noted.previously, the specimens thermally treated 
• 
at 2oo·c exhibit much less--i.ntermetallic growth than do .. 
~ 
those heated at 2so·c. Figure 17 shows the unpeened 
specimen of 4600 A tin deposit thickness treated at 2oo·c 
for 15 minutes. Note the striations from the abrasive 
• 
preparation of the substrate are still evident. The 
intermetallic exhibits considerable three-dimensional 
character, with single, cylindrical crystals of perhaps 
0.2 micron length and even smaller diameter. The coverage 
of the surface by the intermetallic seems to be complete 
and uniform except for perhaps the darker areas between 
• 
the crystals, which may be pores. 
The 4600 A tin deposit specimen shown in Figure 18 
was peened with S-170 shot at 100 psi nozzle pressure and 
heated at 200°c. It looks very similar to the unpeened 
specimen in Figure 17. However, in the darker areas one 
can identify inte1metallic that is beginning to exhibit 
the two-dimensional, featureless character seen on 
previous micrographs. Figure 19 is of a 4600 A tin 
deposit, peened with S-230 beads at 100 psi and thermally 
treated· ·at 200°c for 15 minutes. This ' specimen shows 
virtually no three-dimensional character. The surface is 
similar to those previously seen with the two-dimensional, 
featureless quality.; Again note· the striations in the 
intermetallic, \ rEdlecting substrate striations formed 
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• Figure 5. Energy dispersive spectrum of 4600 A 
tin deposit specimen, unpeened, ther-
mally treated at 100°c for 1 hour and 
at 250°C for 15 minutes. 
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Figure 6. 1200 A tin deposit, unpeenefd, treated 
at 100°c for 1 hour and at 250°C for 15 minutes, 4500x. 
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Figure 7. 3500 A tin deposit, unpeened, treated 
at 100 ° C for 1 hour and at 2 50 .0 c for 
15 minutes, 4500x. ' · 
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Figure 8. 4600 A tin deposit, unpeened, treated 
at 100°c for 1 hour and at 250°C for 
15 minutes, 4500x. 
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Figure 9. 
,· 
..... 
7000 A tin deposit, unpeened, treated 
at 100°c for 1 hour and at 250°c for 
15 minutes, 4500x. 
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Figure 10. 460·0 A tin deposit, peened with glass 
beads at 50 psi, treated at l00°C for 
1 hour and at 250°C for 15 minutes, 
4500x. 
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Figure 11. 7000 A tin deposit, peened with glass 
beads at 50 psi, treated at 100°c for 
1 hour and at 250°C for 15 minutes, 
4500x. 
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Figure 12. 3500 A tin deposit, peened with glass 
beads at 100 psi, treated at 100°c for 
1 hour and at 250°C for 15 minutes, 
4500x • . 
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Figure 13. 
• 
• 
. . . ( 4600 A tin deposit, peened w~th glass 
beads at 100 psi, treated at 100°c for 
1 hour and at 250°C for 15 minutes, 
4500x. .~ . 
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Figu~e 14. 7000 A tin deposit, peened with glass 
beads _at 100 psi, treated at 100°c for 
1 hour and at 250°C for 15 minutes, 
4500x. 
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Figure 15. 1200 A tin deposit, peened with S-230 
shot at 100 psi, treated at 100°c for 
1 hour and at 2so·c for 15 minutes, 
4500x. 
. , 
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Figure 16. 7000 A tin deposit, peened with S-230 
shot at 100 psi, treated to 100°c for 
1 hour and at 250°C for 15 minutes, 
4500x. 
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Figure 17. 4600 A tin deposit, unpeened, treated 
at 200°c for 15 minutes, 4500x . 
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- Figure 18. 4600 A tin deposit, peened with S-170 
shot at 100 psi, treated at 200 °C for 
15 minutes, 4500x. 
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Figure 19. 4600 A tin deposit, peened with S-230 
shot at 100 psi, treated at 200°C for 
15 minutes, 4500x. 
,, 
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Figure 20. 
Ii' 
7000 A tin deposj_t, unpeened, treated 
at 100°c for 1 hour, 4500x. 
,,. I 
53 
I• 
, 
-Figure 21. 7000 A tin deposit, peened with S-170 
shot at 100 psi, treated at 100°c for 
1 hour, 4500x. 
54 
t 
I' 
l 
\_ 
Figure 22. 7000 A tin deposit, peened with S-230 
shot at 50 psi, treated at l00°C for 
1 hour, 4500x. 
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during the abraaiv• cleaning prior to electrodepoaition of 
the tin. 
., 
The last set of micrograph• is shown in Figures 20 
through 22. Each of these specimens is of 7000 A tin 
deposit with different peening conditions, each with 
thermal treatment at 1oo·c for 1 hour. Figure 20 is the 
unpeened sample. The striations in the substrate are 
readily seen in this micrograph. The very thin filaments 
are Fesn2 , and are sparingly dispersed across the surface 
of the specimen. Figures 21 and 22 are the micrographs of 
samples peened with S-170 at 100 psi and S-230 at 50 psi 
nozzle pressure, respectively. There is no apparent 
difference • specimens and the unpeened between these 
specimen shown in Figure 20. 
, 
3.5 POTBBTIOSTATIC STUDIES 
The results of the potentiostatic tests for the 1200, 
4600, and 7000 A thick tin deposits peened at 50 psi 
nozzle pressure with S-70 shot are shown in Figure 23. 
These are plots of current density/cm2 in micro amps 
versus time. The data for the remainder of the data for 
the potentiostatic tests are summarized in Tables 14-16. 
··- . - ,. 
There were some slight deviations from a smooth curve in 
the value of the absolute current recorded. These 
deviations are attributed to .gas bubble formation and 
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Figure 23. Plot of potentiostatic test results for 
1200, 4600, 7000 A tin deposit, peened 
with S-70 shot at 50 psi, treated at 
100°c for 1 hour and at 2so 0 c for 15 
minutes. 
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TULB 14. summary-of data from potentiostatic testing of 
1200 A deposit specimen, de-tinn,d. Table values are 
current density in micro amps/cm. 
peening 
condition 
; 
50 
initial 
max 
TIME IN MINUTES 
.25 .5 .75 1 1.5 2 3 
154 126 113 104 76 56 35 
5 10 
28 24 
TABLB 15. Summary of data from potentiostatic testing of 
4600 A deposit specimen, de-tinnid. Table values are 
~current density in micro amps/cm. 
TIME IN MINUTES 
• peening initial 
condition max • 2 5 . 5 • 7 5 1 '-, 1 . 5 2 3 5 10 
unpeened 3922 69 54 48 46 43 40 33 27 25 
50 • glass 4018 80 57 47 42 38 34 31 29 27 psi 
'100 • glass 4818 1636 60 54 49 44 36 36 31 25 psi 
50 • S-70 7576 106 77 67 59 52 50 39 36 32 psi 
100 • S-70 8333 106 72 61 55 52 47 40 36 33 psi 
50 • S-170 5000 100 67 57 52 46 43 39 34 28 psi 
100 • S-170 9516 106 76 60 54 46 42 38 29 25 psi 
50 • S-230 7388 127 88 72 63 53 48 40 33 26 psi 
100 • S-230 9636 185 116 95 75 63 54 45 37 31 psi 
TABLE 16. Summary of data from potentiostatic testing of 
7000 A deposit specimen, de-tinnid. Table values are 
current density in micro amps/cm. 
TIME IN MINUTES 
' 
• peening initial 
condition max .25 .5 .75 1 1.5 2 3 5 10 
unpeened 6250 1875 59 52 48 44 42 38 34 30 
50 • glass 8088" 85 62 ·54 ·. 51 46 44 psi 35 29 26 
100 • glass 6625 89 64 54 49 43 40 psi 35 33 31 . 
50 • S-70 12973 116 78 65 58 47 psi 44 38 30 25 
100 • S-70 9211 108 75 '' psi 63 54 42 37 34 33 33 
50 • S-170 11162 · 123 77 64 59. psi 49 39 33 29 24 
I' 
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expulsion fro• the pore• in the Pesn2 layer. The 
expulsion o~ the bubble accounts tor the slight increases 
in current as the solution fills the pores in the Fesn2 
layer. Each of these slight increases is followed by 
return of the current to the baseline smooth curve. Data 
r--
·reported in 'the Figure 23 and Tables 14-16 are reduced, 
baseline curve values. 
There are several trends in the data. The first 15 
--seconds after the initiation of the cathodic potential, 
the current density exhibits diverse behavior. All of the 
specimens display a very large initial current density due 
to double layer charging in the solution adjacent to the 
electrode. This initial current density drops off on the 
average of an order of magnitude 15 seconds after the 
potential has been applied. 
After· 30 seconds the current density stabilized 
considerably, and gradually declined to a stable level at 
the end of the test. There are some specific trends worth 
noting. For the 4600 A tin deposit_. specimens at 30 
seconds, the unpeened specimen has the lowest current 
. density. All of the peened specimens· had a greater 
current density. In general, for a specific tin deposit 
thickness the current density increases as the shot medium 
was changed from glass beads to progressively larger 
., 
stainless steel shot. For a specific peening medium, the 
,J 59 
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50 psi nozzle pressure gave a lower current density than 
did the 100 psi nozzle pressure, with one exception. This 
• . 
. trend was general·ly consistent tor all of the 4600 A tin 
deposit specimens for the duration of the test. 
For the 7000 A tin deposit specimens the trends of 
the 4600 A tin specimens were generally applicable. 
However, the trends were not as consistently defined as in 
the former case. In fact, while the general trends were 
exhibited, the variation in current density for the 
different • peening conditions for the 7000 A tin deposit 
specimens was very slight for the duration of the test . 
Only one of the 1200 A tin deposit • specimens was 
tested. The current density for this specimen, peened at 
-
50 psi nozzle pressure with S-70 shot, was considerably 
higher during the initial stages of the test than the 
current density f~ similarly peened 4600 A and 7000 A tin 
deposit 
current 
However, by the end of the test the 
for this 1200 A tin deposit specimen was 
· lower than that for the thicker deposit specimens. 
At the end of the ten minute potentiostatic test, all 
values of current density were approximately the same. The 
average value was 28 micro amps/cm2 .with a standard 
deviation of 3 micro amps/cm2 • The major difference 
between all of the specimens tested was the rate at which 
the constant end of test -current density was reached. 
• 
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DIICUSSIOH 
The electrodeposition process formed an adherent, 
continuous tin coating of varying thicknesses on the steel 
substrate. In every case the non-destructive X-ray 
diffraction analysis of the tinplated specimens indicated 
that Fesn2 was formed during the electrodeposition from 
the alkaline bath at 70°C. As a result of the impact of 
the peening medium on the specimen surface, the amount of 
tin remaining on the specimen after peening was reduced. 
This reduction of tin due to peening was substantial 
enough to be observed visually. 
I 
There appear to be several variables that determine 
the fraction of tin deposit that is removed as a result of 
the peening. These factors are the nozzle air pressure of 
. 
the peening apparatus, the thickness of the tin deposit on 
the specimen, and the specific peening medium used. 
First, different nozzle air pressures yield different 
amounts of tin removed. This difference is substantiated 
by examining several sets of data. Visual inspection of 
~~ 
the specimens peened·with 50 psi nozzle pressure have more 
,. 
of the shiny, tin deposit present after peening than do 
61~ 
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the specimens peened with 100 psi pressure. The X-ray 
diffraction data for the specimens with the tin deposit 
still in place also indicate this effect of nozzle 
pressure. For example, examination of the data for the 
1· 1200 A tin deposit prior to thermal treatment clearly 
. 
exhibits greater Sn counts 
\ 
for the 50 psi pressure than 
for the 100 psi pressure. This pattern persists for all 4 
-~ 
types of peening media on the 1200 A tin deposit 
specimens. The data for the other tin deposit thicknesses 
also display this pattern. 
Second, the tin deposit thickness affects the 
fraction of tin that is removed during the • peening. The 
' 
tin deposit is relatively soft and ductile compared to the 
steel substrate, and therefore is capable of absorbing 
some of the impact energy of the peening medium. The 
thicker tin deposits are able to absorb more of this 
impact energy than are the thin deposits. As a result, 
peening the (, thicker deposits is less likely to cause the 
tin deposit to chip of~ as compared to the thin deposits. 
The increased ability of the thicker deposits to absorb 
the impact energy, plus the fact that the thicker deposits 
have more tin mass, results in more tin-remaining on the 
specimen than on the thinner deposits. 
,This deposit thickness -effect is most evident by 
comparing the X-ray data for the 7000 and 1200 A 
r 
.. ··-
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specimens. For example, the 7000 A specimen's tin count 
for glass beads decreases by 101 when going from 50 to 100 
psi nozzle pressure. For the 1·200 A sample with the same 
peening conditions, the Sn count decreases by 48%. ·A 
similar comparison for peening with S-170 shot yields a 
decrease in Sn counts of 38% for the 7000 A tin deposit 
' 
specimen versus a 58% decrease for the 1200 A tin deposit 
specimen. 
The final effect. on the fraction of tin deposit 
remaining after peening is the type of peening media. A 
comparison of the X-ray data indicates that the glass 
beads remove less tin than do the stainless steel media. 
The size.difference in the three types of stainless steel 
shot did not consistently result in any pattern in the 
i fraction of tin removed. 
Prior to thermal treatment, the peening conditions 
have a consistent effect on the amount 
. ; 
the specimens ,of a particular tin 
of Fesn2 
deposit 
present on 
thickness. 
Examination of the X-ray data show that, in general, for 
the 1200 and 2300 A tin deposit thicknesses and a 
particular peening medium, the amount of Fesn2 present is 
greater for 50 ps~ nozzle pressure than for 100 • psi 
\''\..,,.' ,) 
-- .. ~./' pressure. Although the difference in X-ray counts for the 
j·, 
two no_zzle pressures is small, it is significant when one 
considers that the 100 psi pressure removes more of the 
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tin deposit than the 50 psi pressure. The decreased tin 
thickness results in less destructive interference of the 
diffracted X-ray• from the Fesn2 underlayer. Even with 
more tin over layer and hence more destructive 
interference, the 50 psi pressure still gives greater 
Fesn2 counts. 
For the 700Q A deposit thickness this nozzle pressure 
effect is reversed. The 100 psi pressure results in the 
larger Fesn2 counts for a particular peening medium. This 
trend reversal may be attributed to the increased ability 
of the thicker tin deposit to absorb the impact energy of 
the shot than the thinner tin deposits. The 3500 and 4600 
A deposit thicknesses do not exhibit a consistent trend, 
but may represent a transition of the noz·zle pressure 
effect from the 1200 A to the 7000 A deposit thickness. 
Examination of the X-ray data show that thermal 
treatment of the peened specimens at 100°c for 1 hour 
results in an increase in Fesn2 . This increase is evident 
for virtually every peening condition and tin deposit 
v 
thickness. Spec_imens with the least Fesn2 counts prior to 
thermal treatment show the largest proportional • increase 
in Fesn2 counts after treatment. Those with relatively 
high Fesn2 counts prior to the treatment show lower 
proportional • increases • 1n FeSn2 , growth after thermal 
treatment. These results seem to indicate that there is a •. 
J 
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limit to how much Fasn2 growth may raault from a traatllent 
at 1oo·c. \ 
The SEM results for the 7000 A tin deposit specimens 
heated ~--at 100 • c for 1 hour show that the Fesn2 began to 
nu~leate on the steel substrate. There does not seem to 
/ 
be any difference in the appearance of the Fesn2 as a 
function of peening conditions. Because the bulk of the 
substrate is uncovered by the Fesn2 , treatment at 1oo·c is 
not an effective method for forming a satisfactory Fesn2 
barrier between the environment and the steel. 
Thermal treatment at 200°c for 15 minutes results in 
an order of magnitude • increase in the amount of Fesn2 
present compared to the 100°c treatment for 1 hour. The 
• 
X-ray data and SEM results for the 4600 A tin deposit 
specimens best verify this sizable • increase. The X-ray 
0 
data indicate that the·' unpeene~ specimen has the most 
substantial Fesn2 growth compared to the peen~d specimens. 
The SEM results correlate with the X-ray data, with the 
unpeened • specimen • appearing to hill!e larger, more 
three-dimensional crystals, while the peened • specimens 
appear to have a stunted growth with two-dimensional, 
featureless crystals. 
While the coverage of the substrate • 1S remarkably 
better with the 200°c versus the 100°c treatment, the 
thickness of the Fesn2 layer is 
65 
still very ) small. 
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striations/ apparent in the SEM photos of the specimens 
with the 2oo·c treatment reflect the striations created by 
• 
abrasive cleaning of the substrate prior to the deposition 
of tin. While there is no measure of the thickness of the 
Fesn2 layer on th8se specimens, a thicker Fesn2 layer (as 
in the case of 250°C thermal treatment) masks these 
striations. Th~s thinner Fesn2 layer is~lso more likely 
to have pores to the steel substrate than a layer that is 
.,. 
unifo%mly thicker, as is evident when 
' 
• comparing SEM the 
photographs of specimens treated at 200°c versus 250°C. 
Standard industrial practice to attain the best 
corrosion resistance for tinplated materials is to treat 
thermally to above the melting point of tin, 232°C. In 
industry this is called flow brightening or re-flowing. 
Flow brightening results in the best corrosion resistance 
of the tinplate, a result of the most complete coverage of 
the substrate by the Fesn2 layer. 
The specimens treated at 250°C exhibited substahtial 
growth compared to the specimens heated at 200°c. 
The X-ray data, and SEM results verify this increased 
growth. Of particular note is that the unpeened specimens 
for both 46.00 and 7000 A tin deposit had the best growth 
! 
of Fesn2 and appeared to have the most uniform coverage 
with the-fewest pores. For the peened specimens, the 7000 
i deposit thickness series X-ray ~ata exhibits a more 
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substantial intarmatallic growth th~n does the 4600 A set. 
The SEM photos correlate with these X-ray data. For the 
4600 A set, the intermetallic growth seems to have been 
cut off, as if th~re wefe a shortage of tin during the 
growth process. The photos of the 7000 A series show no 
such shor~age of tin. 
The peened specimens also exhibit the more two 
dimensional, featureless character with the appearance of 
pores in the Fesn2 layer. 
• specimens display The 4600 A 
considerably more of this two-dimensional character than 
do the 7000 A specimens. This apparent difference between 
• specimens 7000 A deposit of 4600 versus the peened 
thickness may· be due to the increased ability of the 
thicke: deposit to absorb the impact of the peening medium r· 
and hence less residual compressive stress imparted to the 
substrate or the fact that there is more tin available 
(because of a thicker coating and less tin removed) for 
Fesn2 growth during the ·flow brightening process. In any 
case, the X-ray data and SEM photographs indicate that the 
unpeened specimens of the 4600 and 7000 A tin deposit give 
the most complete coverage of the steel substrate. Hence, 
these unpeened specimens ought to give the best corrosion 
resistance. {'·~ 
The potentiostatic studies were designed to determine 
the completeness of substrate coverage, and by im~lication ~ 
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the ability to resist corrosion. Relative porosity of 
J phosphate coatings on steel has been determined by 
measuring the cathodic current while applying a cathodic 
potential to the workpiece in an electrolyte solution. 34 
In this instance, the current is a relative measure of the 
iron surface area exposed through pores in the coating 
because the current originates from the reduction of 
·oxygen on the exposed iron surf ace. 
The results of the potentiostatic studies indicate 
• that the unpeened specimens of the 4600 and 7000 A tin 
-deposits had less surface area of steel exposed than did 
the peened • specimens. By the time the test had run for 
2-3 minutes, this apparent advantage of the unpeened , 
specimens over the peened ones had essentially been 
eliminated. In fact, at the end of the 10 minute test the 
current density values were virtually the same for all of 
the specimens tested. 
The rate limiting step in the reduction of oxygen at 
the exposed,iron surface is the rate of oxygen diffusion 
to -:ehe reaction site. With an unstirred solution, the 
limiting rate of oxygen diffusion has clea~ly been reached 
after 10 minutes, as indicated by the same current de~sity 
for all specimens after 10 minutes. The results for the 
first 3 minutes of the test are then significant, a~ they 
.. 
represent the rate of oxygen reduction without considering 
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the limiting affect of oxygen diffusion on the rate of 
reaction. 
The current density data indicate that the unpeened 
specimens were the least porous, as the current density on 
these specimens was the lowest of the tested specimens. 
For the peened specimens, , the 50 psi nozzle pressure 
resulted in a lower current density than did the 100 psi 
nozzle pressure. Thus, the specimens peened at 50 psi 
were less porous than those peened at 100 psi. 
The difference between the unpeened • specimens and 
those peened with high pressure and large stainless shot 
is significant during the 0.5-2.0 minute time period of 
the test. This, electrochemical difference in the 
specimens, coupled with similar X-ray diffraction and SEM 
findings, strongly suggests that the unpeened specimens 
have more unifozm, complete, and nonporous coverage of the 
steel substrate than do the peened specimens. 
• 
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51 CORCLUSIOR 
I Analysis of the X-ray diffraction data and SEM 
micrographs reveal that the thickest tin deposit specimens 
are best able to form a continuous, nonporous layer 
between the tin dep_osi t and steel substrate. _ For the 
unpeened • specimens, the thinnest tin deposit thicknesses 
of 1200 and 2300 A have insufficient tin during the 
the1mal treatment at 250°C to \form the expected amount of 
Fesn2 • The thicker deposits of 3500, 4600, and 7000 A, 
though, have sufficient tin to form a continuous, well 
developed layer of Fesn2 • 
The peened specimens all lose some of the tin deposit 
as a result of the impact of the peening medium. Because 
the 1200 and 2300 A deposit specimens start out with the --· 
least tin, the additional loss of tin during the • peening 
results in a significant shortfall of 
Fesn2 during thermal treatment. While 
tin needed to form 
~ there is ""loss of 
. 
tin due to peening of the thicker tin deposit specimens, -
the loss is less significant as there • remains sufficient 
tin for Fesn2 formation during the thermal treatment~ 
In the 
. ~-
final analysis, 
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potentiostatic tests indicate that the unpeened specimens 
are the least porous. For the peened specimens, those 
peened at 50 psi nozzle pressure are less porous than 
those peened at 100 psi. These potentiostatic results 
correlate with the X-ray diffraction and SEM results. 
In conclusion, peening has an adverse affect on 
the formation of Fesn2 du~ing the flow brightening process 
of the commericial tinplate industry. Hence, the 
corrosion resistance of peened tinplate will not be good 
as the resistance of unpeened tinplate. 
,. '. 
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